DC microgrids are playing an important role in remote area power applications like power supply to off-grid tele communication towers, off-grid data centres, rural electrification etc. and moreover these are extensively used, as these appear as solutions for integrating two or more renewable energy resources. In this paper, photovoltaic (PV) and wind energy systems have been integrated along with batteries and a load to form an autonomous DC microgrid with high reliability and stability. The primary aspects which are to be taken into consideration in a standalone DC microgrid are voltage regulation, load sharing and battery management. In this paper, an energy management strategy is proposed which includes maximum power point tracking (MPPT) algorithms and voltage droop control method. This strategy ensures optimal power sharing among the sources and increases reliability and stability profile of the microgrid. The operation of the microgrid in different modes and the behaviour of the system at different operating conditions is studied by varying the solar irradiance and wind speed for specific time periods. The simulation is done in Matlab Simulink software and the results are obtained.
Introduction
A microgrid is a localised interconnection of distributed energy resources, storage units and loads which are coupled to the common grid at one point. DC micro-grids have several advantages when compared to AC micro-grids. It is easy to interconnect two or more renewable energy sources in DC microgrids as there will be no problems related to synchronization [1] . They have high efficiency and high reliability. These microgrids can be operated in standalone or in grid connected mode. The standalone DC microgrids have several applications in automotive industries, avionic systems, marine technologies and remote communication centres [2] . Generally, solar and wind are the most used renewable energy resources as their availability in the nature is abundant when compared to other sources. The main objectives in the utilization of renewable energy resources are minimization in the fuel cost, minimization of power purchase from the grid and reduction in the emission that causes environmental pollution as in the case of conventional energy resources. The main disadvantage in the renewable energy sources is that it is difficult to supply power to the critical loads due to the intermittent nature of the power generated. This necessitates the integration of two or more distributed energy resources and also proper storage systems to provide redundancy and enough energy capacity. These systems are known as hybrid renewable energy systems and these are gaining popularity because the sources can complement each other to provide high reliability of power [3] .
Depending upon the power generated and load demand in the DC microgrid, three cases can be observed. When the power generation and load demand are balanced. When power generation falls short of load demand which causes the bus voltage to drop, and when power generation exceeds load demand which causes rise in the bus voltage [2] . In the second case, the storage units work in discharging mode and supply power to the load. If the batteries' states of charge (SOC) reaches minimum limit, some part of load is shedded off in order to maintain the grid voltage stable. In the third case, if the generation exceeds load requirement and if the batteries are fully charged, then the generation must be curtailed to protect the batteries from being overcharged.
In this proposed control strategy, the SOC of the batteries is continuously monitored and depending upon its value, the operation of the converters is switched between MPPT and droop control modes. MPPT algorithms are required to extract maximum power from the sources so that the batteries will be charged and load requirement is satisfied. The droop control ensures proportional load sharing which prevents circulating currents among the sources. The cost of batteries has a large share when compared to all other equipment in the system. Hence it is required to maintain the SOC between the predefined limits in order to acquire optimum life [12] .
The paper is organised in the following manner. In section 2, the modeling of various components in the microgrid is described with related circuit diagrams and equations. In Section 3, the operation of the microgrid in different modes and the proposed energy management strategy is explained. Section 4 provides the results and analysis of different modes and it also gives the ratings and specifications of the systems used. In section 5, the conclusion and future scope of this work is given. 
System descriptions and modeling
The schematic diagram of DC microgrid is shown in Figure 1 . It consists of PV system, wind energy system, battery bank and load. These sources are connected to the DC bus using power electronic converters. The PV array is coupled to the DC bus using a buck converter. The wind energy system consists of a wind turbine whose shaft is coupled to a permanent magnet synchronous generator (PMSG). The output of the PMSG is given to a diode bridge rectifier whose DC output is given to a buck converter. The battery bank is connected to the common bus with a bidirectional buck boost DC/DC converter to ensure bidirectional power flow. The DC power from all the sources is supplied to the load with a single phase inverter.
Photovoltaic array
The photovoltaic array consists of PV modules which are connected in series and parallel according to the required voltage and power ratings. Each module consists of a number series connected PV cells. The PV cells are modelled using the one diode model whose equivalent circuit is shown in Figure 2 . It consists of a current source, a diode and resistor connected in parallel which are series connected with a resistance. The current of the current source is a function of irradiance. The leakage current is represented by the parallel resistance and the voltage drop is represented by the series resistance. These resistances can be neglected as the parallel resistance is very large and series resistance very small. 
Wind energy system
The modelling of wind turbine is done based on the steady state power characteristics of the turbine. The output power of wind turbine is directly proportional to the cube of wind speed. The output power of wind turbine is given by the equation (1). 3 
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Where Cp is the performance coefficient of the turbine, ρ is the air density (kg/m 3 ), A is the turbine swept area (m 2 ), λ is the tip speed ratio, β is the blade pitch angle (deg). The output of the wind turbine is given to the permanent magnet synchronous generator. PMSG is used because it has simple structure, high efficiency and high power density. The output power vs turbine speed characteristics of the wind turbine are shown in Figure 3 . 
This battery bank is connected to the dc bus using a bidirectional buck boost DC/DC converter shown in Figure 4 . 
Operation of the DC microgrid
The DC microgrid operates in two modes depending upon the SOC of the batteries as shown in the figure. These modes are changed by controlling the switching of the buck converters. The sources are operated in the MPPT mode when the SOC is in limits and they operate in droop control mode when the SOC exceeds the limits.
MPPT mode
In this mode, the two buck converters connected to the DC bus operate in MPPT mode extracting maximum power from the sources. In PV system, MPPT is implemented using perturb and observe algorithm. The MPPT controller is built using a matlab code that takes array voltage and current as inputs. It periodically varies the operating voltage, measures the power and compares it with the previous value. If the error is positive, it moves the operating point in the same direction otherwise in the opposite direction. The controller gives a value between 0 and 1 as an output and the switch is operated at that duty cycle. Similarly, MPPT is also implemented in wind energy system using perturb and observe method by controlling the switching of the buck converter.
The batteries will be in charging or in discharging mode depending upon the maximum power available from the sources. The powers generated by the solar and wind energy systems is measured and is compared with the required load power. The mode of operation of the bidirectional converter and its switching depends upon the error signal obtained. If the error signal is positive, i.e. if generated power is greater than load power, the batteries should charge and the converter acts as buck converter. Consequently, if the error signal is negative, the batteries should discharge and it acts as a boost converter. The switching must be done in order to control the charging and discharging current of the battery. Hence, the duty cycle must be adjusted according to the variations in the generated power and load. The error signal is given to a discrete PI controller that gives out the duty cycle of the switch and the switch is operated at this duty cycle. The SOC of the batteries is measured and is not allowed to exceed the preset limits. If it exceeds, the switches will be in off condition and the batteries get isolated. However, the sources operate in droop control mode in this condition. This entire control scheme is depicted in Figure (5) .
Droop control mode
The conventional droop control method is implemented by linearly trimming the reference voltage proportional to the load current. The two sources share the load proportional to their ratings if both of them have same droop. The main drawback in the conventional droop control is that it causes load dependent voltage deviation. It can be overcomed by employing another loop known as voltage restoration loop which is common to all the sources. If we apply droop control to two sources, let vdci be the output voltage of each converter, vdc * the reference voltage, idci be the output current and Rdi be the virtual resistance. The droop control method can be expressed by the equation (3).
The batteries will be inactive in this condition as both the switches of the bidirectional converter will be in off condition.
Results and discussion
The specifications and ratings of different components in the microgrid are given in table 1. The results of both MPPT mode and droop control mode are shown. The powers generated by the PV array and wind turbine with respect to time axis are shown in the Figures 6(c) and 6(d). It is observed that the powers of these systems vary as functions of the inputs. In the waveform of battery power in Figure 7 (a), from 0sec to 1sec and from 3sec to 4sec, the battery power is positive which means that it is discharging. From 1sec to 3sec, the battery power is negative showing the charging operation of the battery. The state of charge of the battery has positive slope during the time of charging and it has negative slope during the time of discharging as shown in the Figure 7 (b). The load requirement is satisfied as constant power is supplied to the load irrespective of the generated power as per the Figure 7 (d).
In droop control mode, the load is shared proportional to their ratings as shown in Figure 8 . This is the case when the available power is more than the load demand. If it is less than the load demand, it again operates in MPPT mode so that the batteries would discharge.
Conclusion
In this paper, a brief description of solar and wind energy systems with MPPT is discussed and the feasibility of hybrid dc microgrids compared to ac microgrids is analyzed with several advantages. An energy management strategy with droop control for standalone DC microgrids is proposed. The performance of the system at various input conditions is studied with proposed control. The optimal load sharing has been achieved proportionally among the solar and wind energy sources and proper charging and discharging modes of operation of the batteries at particular load conditions is achieved. This hybrid system can also be used in commercial and domestic applications to reduce the cost of energy, increase reliability and stability of the system. This control algorithm can be implemented practically using advanced controllers like fuzzy controllers. 
